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I1I.  INTRODUCT.ON

The Preliminary Design Columbium Combustor Test is a part of a pro-
gram to develop a coated, columbium combustion chember for application with
the TC Apollo S/M RCS engine., In conjunction with the engine testing por-
tion of the program, various other activities are also being undertaken.
These activities include metallurgical studies of the combustor material/
coating system, combustor structural and therm2l analysis and configuration
managenent studies for incorporation of the part into the Apollo S/M RCS
engines. Following these efforts, firing tests will be conducted with the
final chamber configuration. The results of th2 preliminary design combus-
tor firing test will be presented in this repors.

‘The Preliminary Design Columbium Combustor Test was conducted to dem-
onstrate the thermal and structural adequacy of the combustor design and the
associated seal and attach ring design while op:rating in the steady state
and pulse modes under conditions similar to those required of the qualified
Apollo S/M RCS ccabustor.

Two combustors were utilized in this test. Both combustors were sub-
Jected to a nearly identical test program which consisted of a Continuous
Run Test, Pulse Operation Survey Test and an Ignition Test (see Figure 1).
The details of each test are set forth in the test plan, Reference 1. The
date acquired for each test will be presented individually for each combus-
tor in the text of this report. Perforiance and therinal data acquired from
the Apollo S/M RCS Engine Qualification and Supplemental Qualirication Tests
(see References 3 and 2, respectively) were included in appliceble sections
of this report for comparison with the dsata 3
Design Columbiva Combustor Test,
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I. OBJECTIVE

The objective of this report is to present the results of the Prelimi-
nary Design Columbium Combustor Test in partial fulfillment of NASA Contract
NAS 9-6003.

The purpose of the Preliminary Design Columbium Combustor Test was
to demonstrate the acceptability and isolate the problem areas, if any, of
& preliminary design C-103 columbium aslloy combustor with a slurry applied
silicide coating (Sylvania R-512A) and the associated combustor seal and
attach ring design for application with the TMC Apollo S/M RCS engine.
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1T, SUMMARY. "

' Three tests were conducted with each of two combustors: a Continuous
Run test, a Pulse Operation Survey test, and an Ignition test. Combustor No.
2 was subjected to the tests in the order stated, and combustor No. 1 under-
went testing in reverse order. Both combustors accrued over 1,650 seconds
of operation and 10,000 starts (see Figure 2) without exhlblting structural
degradation or design deficiencies. Performance and thermal data acquired
from the Continuous Run tests were compared to Apollo S/M RCS Qualification
and Supplemental Qualification Test results obtained under similar conditions.
This comparison showed that engine performance was unaffected by the use of
a columbium combustor and that the injector head steady state and soakback
temperatures of the columbium engine configuration were lower than that of
the quallfled Apollo S/M RCS engine injector head assembly. Both combustors
underwent over 600 off-design ignitions (in the vertical-up firing position
with saturated propellantsL programmed to cause chamber overpressures, with-
out incurring & measurable or observed structural degradation.

On the basis of the data generated, the design of the columbium com-~
bustor, with its assoclated attach hardware, is adequate and acceptab;e
without change as the final configuration.

1y
[(;.5:1 ,VL*;
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The Preliminary Design Columbium Combustor Test is a part of a pro-
+».m to develop a coated, columbium combustion chamber for application with
.t C Apollo S/M RCS engine. In conjunction with the engine testing por-
+ton of the program, various other activities are also being undertaken.
ene activities include metallurgical studies of the combustor material/
coating system, combustor structural and thermal analysis and configuration
snnsgement studies for incorporation of the part into the Apollo S/M RCS
-ines. Following these efforts, firing tests will be conducted with the

LR

rinnl chamber configuration. The results of the preliminary design combus-
tor firing test will be presented in this report.

The Preliminary Design Columbium Combustor Test was conducted to dem-
enstrate the thermal and structural adequacy of the combustor design and the
nssociated seal and attach ring design while operating in the steady state
end pulse modes under conditions similar to those required of the qualified
4rollo S/M RCS combustor.

Two combustors were utilized in this test. Both combustors were sub-
jected to a nearly identical test program which consisted of a Continuous
Run Test, Pulse Operation Survey Test and an Ignition Test (see Figure 1).
ine details of each test are set forth in the test plan, Reference 1. The
cata acquired for each test will be presented individually for each combus-
tor in the text of this report. Performance and thermal data acquired from
the Apollo S/M RCS Engine Qualification and Supplemental Qualification Tests
(sec References 3 and 2, respectively) were included in applicable sections
of this report for comparison with the data obtained from the Preliminary
Design Columbiuvm Combustor Test.
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PRELIMINARY DESIGN COLUMBIUM COMBUSTOR

Notes:

TEST MATRIX
Combustor No. 2 Combustor No. 1
Test P/N 228949 P/N 228949
S/N 0002 S/N 0003
Ignition 1l 3
Pulse Operation Survey 2 2
Continuous Run 3 1

Combustor No. 2 was tested with Engine P/N T-14100, S/N 0001-8
and S/N 0001-9

Combustor No. 1 was tested with Engine P/N T-14100, S/N 0001-10
and S/N 0001-11

The serial number of the engines used for the Ignition Tests
were different because the standard Apollo exit bell was re-

placed by & B/N T-14767 test fixture.

FIGURE 1

-l
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Iv. DISCUSSION
A, General

The Preliminary Design Columbium Combustor Test was conducted
in two essentially identical parts. Both parts were conducted per NASA ap-
proved test plan MTN 3448 (Reference 1). The first part of the test was
conducted between 2 November 1966 and 8 November 1966 with Engine P/N
T-14100, S/N 0001-8 and 0001-9, which incorporated preliminary design com-
bustor No. 2 (P/N 228949, S/N 0002). The propellants utilized for this part
were monomethylhydrazine and nitric oxide inhibited nitrogen tetroxide (per
MSC-PPD-2A). The propellants were fully helium saturated during the igni-
tion testing and partially saturated for the remainder of the tests.

The Preliminary Design Columbium Chamber Test with combustor
No. 2 was originally started on 18 October 1966 with Engine P/N T-14200,
S/N 0001-12. After the fourteenth run of the Ignition Test, which was the
first test scheduled, the test was terminated due to a detonation in the
oxidizer manifold which damaged the oxidizer valve standoff and seat. The
combustor was not damaged. An investigation of the incident was made. The
results of that investigation are presented in Appendix I. The test was re-
initiated with Engine P/N T-14100, S/N 0001-8.

The second part of the preliminary design test was conducted be-
tween 31 January 1967 and 8 February 1967 with Engine P/N T-14100, S/N 0001-10
and 0001-11 which incorporated preliminary design combustor No. 1 (P/N 228949,
S/N 0003). Nitric oxide inhibited nitrogen tetroxide and Aerozine-50 were em-
ployed as the propellants for this part of the test. The steady state data
acquired from this test are presented both in the "as taken" condition and

corrected to standard Apollo conditions. Both propellants were fully helium
saturated (see Section F, Method II).

As shown in Figure 1 of this report, both combustors were sub-
Jected to a Continuous Run Test, Pulse Operation Survey Test and an Ignition
Test. Presented in Figure 2 are the burn time and number of altitude igni-
tions accrued on each combustor during each of the tests conducted.



TOTAL EURN TIi: AND ALTITUDE
IMNUTTIONS ACCRUTD FROM THE FRELILCIARY
DISZAN GOIALMIL CODUSTOR T38T

EIGINE P/ N T-14100 EICDME P/N T-14100
8/K 0001-8 & 0001-9 S/N 0001-10 & 0001-11
COMBUSTOR #f2 COMBUSTOR # 1
Total Altitudd Total Eurm |Total Altitude| Total Burn
Ignitions Tima Ignitions Tima
‘ sece. ase.
CONTIITVOUS RUN 3 510.0 Y 610.0
PULSE OPERATION SURVEY | 9763 1137.84 9667 1128.78
IBITTTION T3ST | Tt 9,20 ** 608 7.6
TOTALS 10, k7o 1,656.0L%* 10,279 1746.38

# THIS NUMEER INCLUDES 103 STARTS ON ENGINE P/N T-14200, S/H 0001-12
WITH COMBUSTOR No. 2.

s#% THIS NUMEER INCLUDES 1.85 SEC OF BURN TIME ACCURED ON ENGINE P/N T-14200,
S/N 0001-12 WITH COMBUSTOR No. 2.

FIGURE 2
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B. Continuous Run Test Results

The objectives of the Continuous Run test were to demonstrate
engine performance and the thermal and structural adequacy of the columbium
combustor and associated attach hardware when subjected to a long steady
state run at nominal Apollo conditions.

The Continuous Run test, which was conducted per MIN 3448, Sec-
tion V-A as amended by Deviation Sheet No. 10, consisted of conducting one
500-second run with combustor No. 2 and two runs, one of 400 seconds dura-
tion and the other of 200 seconds, with combustor No. 1.

Both combustors successfully completed the test under the con-

 ditions specified, with no indication of design deficiencies. No structural

degradation was observed or measured, no engine performance degradation was
measured, and the thermal characteristics of the columbium combustor were
compatible with the Apollo S/M RCS engine.

Presented in Figure 3 is a tabulation of the steady state per-
formance data obtained from the 500-second run with combustor No. 2 (Engine
P/N T-14100, S/N 0001-9). This run was conducted with MMH as the fuel and
nitric oxide inhibited No0O) as the oxidizer; both propellants were partially
helium saturated per Section F, Method I of this report. The performance
data are presented in the "as taken" condition, except for thrust and spe-
cific impulse, which were corrected to total vacuum (Pgey; = O). Specific
impulse, thrust and mixture ratio O/F) taken directly from the Flgure 3
tabulation are plotted against run time in Figure 4. As shown, the specific
impulse was 278.5 seconds at a mixture ratio of 2.10. For this run, the av-
erage propellant temperature was 51°F. PFigure 5 presents the data from the
two trim runs associated with the 500-second run.

The uncorrected performance data acquired from the 5¢0-second
run (run number 4316) of the Apollo S/M RCS Engine Supplemental Qualifica-
tion Test (Reference 2) conducted under similar conditions, but with stand-
ard Apollo hardware, is presented in Figure 6. This performance data was
taken at an average mixture ratio of about 2.05 and propellant temperature
of 61°F; hence, a direct comparison with the columbium combustor data cannot
be made. However, by compiling all applicable data from the Apollo S/M RCS
Engine Supplemental Qualification Program and the MMH Design Verification
Program, three curves relating the specific impulse to mixture ratio and
propellant temperature were made. These three curves: specific impulse &s
a function of mixture ratio; specific impulse as a function of average pro-
pellant temperature; and mixture ratio versus average propellant temperature
are presented in Figures 7, 8 and 9, respectively. Using these ihree rela-
tionships, the specific impulse calculated from the columbium combustor

e £ SIS M @ o

v
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500-second run was corrected to the mixture ratio and propellant tempera-
ture of the supplemental qualification 500-second run. A comparative plot
of the corrected columbium specific impulse and the supplemental qualifica-
tion specific impulse versus run time is shown in Figure 10. The perform-
ance is identical.

Shown in Figures 11 and 12, respectively, are the steady state
performance data taken from the L4O0-second and 200-second runs with combus-
tor No. 1 (Engine P/N T-14100, S/N 0001-10). These two runs were conducted
with fully helium saturated Aerozine-50 and N-0O), propellants. The satura-
tion procedure used is set forth in Section F, Method II of this report.

A plot of test condition specific impulse, thrust and mixture ratio versus
run time for the two runs is depicted in Figure 13. Data tabulated from

the 5-second trim runs associated with the 400 and 200-second runs are shown
in Figures 14 and 15, respectively.

Figures 16 and 17, respectively, show the 400 and 200-second run
performance data corrected to standard Apollo S/M RCS acceptance test condi-
tions. Performance data, corrected to standard acceptance test conditions,
acquired from a 500-second run (run number 1356) of the Apollo S/M RCS
Qualification Test, which was conducted under conditions similar to the 400
and 200-second runs, is presented in Figure 18. Figure 19 compares the Ig
performance of the two engine configurations. The performance was slightly
higher with the columbium configuration; however, this difference is attrib-
utable primarily to instrumentation accuracy tolerances and normal date
scatter.

The thermal characteristics measured during the Continuous Run
he two columbium

stAvre are nreconta’d 4 s e [0 T TIE ) PROORPPPN o)

oy,
A LRI Ombu.vvua.u Gl T Pl Ull e in & 5u_LCs oV VLV

eats v
22. For ease in comparing the thermal characteristics of the columbium com-
bustor engines to the standard Apollo S/M RCS engine, Figures 23 and 24 were
included. '

Plotted in Figure 20 are the injector head, combustor flange and
bell nut temperatures as a function of run time for the 500-second run with
.combustor No. 2. As noted on Figure 20, the maximum injector head and com-
bustor flange soakback temperatures were 250°F and 312°F, respectively. Be-
cause of an apparent thermoscope malfunction, a record of the throat tempera-
ture was not obtained; however, since other temperatures recorded were simi-
lar to previously acquired data this run was not repeated.

Plotted in Figure 23 are the injector head, fuel insert, bell
nut and throat temperatures measured during the Orbit Retrograde Test (run
number 4316) of the Apollo Supplemental Qualification Test. This test was
conducted with MMH fuel as was the test on columbium combustor No. 2. A
comparison of Figures 20 and 23 shows that the injector head and bell nut

-8~
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temperatures from the two engine configurations were essentially identical.
Soakback temperatures were not recorded during the Supplemental Qualifica-
tion Program; however from previous test experience at similar temperatures,
the expected head and chamber flange soakback temperatures were probably
about 315°F and 350°F, respectively. The combustor throat temperature, as
measured during the Supplemental Qualification Test, was about 1950°F.

The head, combustor flange, bell nut and throat temperatures
measured from the 400-second and 200-second runs conducted with combustor
No. 1 are shown in Figures 21 and 22, respectively. Also shown in Figures
21 and 22 are the maximum head and flange soakback temperatures. In both
cases, the maximum head soakback temperature was 260°F and the maximum
flange soakback temperature was approximately 315°F. The throat tempera-
tures for these two runs were about 2250°F. Chamber temperature distribu-
tions during these tests were also recorded with thermal sensitive, XR,
film. These films are being analyzed for inclusion in the Final Thermal
Analysis Report.

Plotted in Figure 24 are the various engine temperatures mea-
sured during run number 1356 (500-second run) of the Apollo S/M RCS Engine
Qualification Test conducted with Aerozine-50 fuel. A comparison of Fig-
ures 21, 22 and 24, as expected, shows the columbium engine head and nut
temperatures to be similar to the corresponding qualification engine tem-
peratures during the burn test. The columbium engine flange and head soak-
back temperatures were 315°F and 255°F, respectively. Typical flange and
injector head soakback temperatures measured from Apollo S/M RCS production
configuration engines are LS50°F and 320°F, respectively. The throat tempera-

ture of the columbium combustor was about 180°F warmer than that of the Quali-
fication engine. This difference is slightly greater than predicted by the

preliminary thermal analysis. The final thermal analysis will be corrected
in accordance with these test data.
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C. Pulse Operation Survey Test Results

The purpose of the Pulse Operation Survey test was to demon-
strate the thermal and structural integrity of the combustor when subjected
to a large number of pulses with a variety of pulse mode duty cycles.

The test consisted of subjecting both combustors to 80 runs of
120 pulses (minimum) per run with electrical "on" times ranging from 0.010
second to 0.500 second, and electrical "off" times from 0.010 second to
0.300 second.

All runs of this test were successfully completed under the
specified conditions without degrading the structural integrity of either
combustor.

The Pulse Operation Survey test conducted with combustor No. 2
utilized NoO), per MSC-PPD-2A, as the oxidizer and MMH as the fuel. Both
propellants were partially helium saturated per Section F, Method I. The
propellants used for the Pulse Operation Survey test with combustor No. 1
were NoO), per MSC-PPD-2A and Aerozine-50; both propellants were fully he-
lium saturated per the procedure shown in Section ¥, Method II of this re-~

port.

As specified in the test plan (Reference 1), the following pre-
run conditions were required:

Fuel Inlet Temperature, Thf

Oxidizer Inlet Temperature, Tbo

it

Lo + 5°F

4O + 5°F

Fuel Inlet Pressure, Pp

170 + 2.5 psia
(under flowing condi%ions) '

Oxidizer Inlet Pressure, P

o 170 + 2.5 psia
(under flowing conditions)

Head Temperature, Tpq 65°F f35°F

Cell Pressure, Pyo1q < 0.15 psia

Verification of the required temperatures and pressures for the
tests conducted with combustor No. 2 and combustor No. 1 was obtained by
data reduction as indicated in Figures 25 and 26 respectively. Since the
fuel and oxidizer inlet pressures under steady state flowing conditions are
not realized during short pulses, 5-second trim runs were used to establish
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O

the required prerun pressures. These prerun pressures were 168 + 2.5 psig
for the oxidizer inlet and 161 + 2.5 psig for the fuel inlet. Both are
equivalent to a 170 + 2.5 psia inlet pressure under steady state flowing
conditions. All of the parameters were within the specified limits for
the record pulse runs. On three trim runs, the head temperature was
slightly below the required limlt. The cell pressure was less than 0.15

psia prior to each run as verified by inspection stamping the engine log-
books.
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D. Jgnition Test Results

The purpose of this test was to demonstrate the structural in-
tegrity of the combustor and the adequacy of the injector-combustor seal
design when the engine is operated at environmental temperatures equal tc
the minimum safe temperatures of the S/M RCS engines.

Both engines were subjected to 90 runs of from 4 to 9 pulses
per run. All valve electrical ON times were 0.012 second, whereas the elec-
trical OFF times varied from 0.100 second to 1.500 seconds. All but the
last pulse of each run had a normsl 2 ms mechanical fuel lead; the last
pulse had either a zero, 6 or 15 ms mechanical oxidizer lead, as prescribed
in the test plan (Reference 1). All runs were conducted with the engine in
the vertical-up firing position.

As verified by post test inspections, both engines satisfac-
torily completed all runs at the conditions required without exhibiting any
degradation of structural integrity.

Nitrogen tetroxide, per MSC-PPD-2A, and MMH were the propellants
used for the ignition testing of combustor No. 2 (Engine P/N T-14%100, S/N
0001-8), whereas the ignition test with combustor No. 1 (Engine P/N T-14100,
S/N 0001-11) utilized the same oxidizer, but incorporated Aerozine-50 as. the
fuel. The propellants were fully helium saturated, per Section ¥, Method II,
for the testing of both combustors.

The following prerun limits were specified by the test plan:

Fuel Inlet Pressure, me = 172 + 2 psia
Oxidizer Inlet Pressure, Pmo = 172 + 2 psia
Fuel Valve Inlet Temperature, Tp. = L0 + 5°F
Oxidizer Valve Inlet Temperature, Tp = L0 + 5°F
Head Temperature, Tj4 > Lo°F

= L

I+

Combustor Flange Temperature, Tchl

Bell Nut Temperature, T4

0+ 5°F
0+ 5°F
Cell Pressure, Poep < 0.001 psia

As shown in Figures 27 and 28, the prerun temperatures for the
ignition runs with combustors No. 2 and No. 1, respectively, were within the
specified range. The head temperature prior to run No. 24 with combustor
No. 2 (Engine S/N 0001-8) was 1°F below the specified range, and the test
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run was repeated. The cell pressure was less than 0.001 psia, and the oxi-
dizer and fuel inlet pressures were 172 + 2 psia prior to all runs as veri-
fied by inspection stamping the respective engine logbooks.

Two accelerometers, oriented in the manner shown in Figure 29,
were mounted on both of the participating engines to obtain an indication
of ignition characteristics. As yet, no reliable correlation between ac-
celeration data and chamber overpressure has been made. The data acquired
is therefore primarily qualitative and is presented for completeness of
documentation. The maximum acceleration recorded during each run with com-
bustor No. 2 (Engine P/N T-14100, S/N 0001-8) is tabulated in Figure 27.
Also tabulated in this figure are the ignition delay, pulse number at which
peak acceleration occurred and other data associated with the maximum "G"
load. Figure 28 presents the maximum accelerations measured during each
run with combustor No. 1 (Engine P/N T-14100, S/N 0001-11). Due to elec-
tronic saturation of the amplifier used to drive the oscillograph galva-
nometers, the ignition delay and other time dependent data associated with
meximum acceleration were not reducible.
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E. Post Test Combustor Checks

The purpose of these checks was to verify tio' the structural
integrity of the combustor was not degraded as a result '/ combustion test-
ing.

A visual inspection, combustor-injector ser. !¢ak check and
combustor 0.D. measurements were made post test.

Combustors No. 1 and No. 2 were not damage? /' deformed as &
result of combustion testing.

Visual inspection of the combustors at the;: r*spective post
test disassemblies reveals no material or coating degr:/ 10D

Post test photographs of combustors No, 2 - [O- 1 are pre-
sented in Figures 30 and 31, respectively. The post cor-untion test
combustor-injector head seal leakage rate of combustors /- 2 and No. 1 was
2,0 psi per 5 minutes and 2.5 psi per 5 minutes, respes-’ /¢1ly. These val-
ues vere verified by TMC inspection stamp in the engine -‘/#book. These
leakage rate values represent the total decrease in loc. /D pressure (axy,
filtered GN, originally at 175 psi) over a time period -’ 9 minutes. The
Apollo S/M RCS combustor-injector allowable leakage ra’: 36 15 psi per 6
minutes. Presented in Figures 32 and 33 are the pretes- »nd post test out-
side diameter dimensions of combustors No. 2 and No. 1, --fpectively. As
shovn, nelther combustor was deformed as & result of te: ™ n@&-
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COLUMBIUM COMBUSTOR PRE AND POST TEST O.D. MEASUREMENTS

Il

AN

TWEO 8428
T-14100-0001-8
DATE: 10-20-66
302L=L4=1505

€¥’\

/.98/9  BEFORE TEST
@ /.9620 AFTER THST

L]

N

30

:
I
|
|
|
!
l
\

< 228949 COMBUSTOR s/N 002
(No. 2)

PLEASE PERFORM AN INSPECTION OF THE COMBUSTOR O.D. AT THE THREE (3) LOCATIONS
INDICATTD. RECORD THE ACTURAL DIMENSION3 IN THE LOG ECOK THE FOURTH PLACE.
(.X00X¥%) DIMENSION NO. 2 IS TO BE TAKEN IN LINE WITH THERMOCOUPLE HOLES.
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FIGURE 32



COLUMBIUM COMBUSTOR PRE AND FOST TEST O.D. MEASUREMERTS

O Q’i,;) (98/0 BEFORE TEST
@ 4 9p¢5. AFTIR TEST

2-70-67

2

5-595

"TWEO 9166
T-14100~-0001=10
DATE: 2-4-67
3024=k=1505

o 9805 BEFORE TEST
. ,23 o AFTER - TEST
2-10-67

36£ [.280S BEFORE TEST
bq-
/9802 AFTER TEST

hf\

n

2-/0 ¢7

1.30

fg————228949 COMBUSTOR S/N 003
(No. 1)
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PLEASE PERFORM AN INSPECTION OF THE COMBUSTOR O.D. AT THE THREE (3) LOCATIONS
INDICATED. RECORD THE ACTUAL DIMENSTIONS IN THE 10G BOOK THE FOURUH PIACE.
(.Xo0X) DLMENSION LO. 2 IS TO BE TAKEN IN LINE WITH THERMOCOUPLE

HOLES.
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¥, Propellant Helium Saturation Methods

1. Method I - Partial Saturation

The propellants were partially helium saturated by pressur-
izing the main storage or pulse tank, whichever was applicable, for a mini-
mum of 24 hours at run pressure (~ 185 psia) and temperature (ambient or Lo
+ 5°F, as applicable) before the test. :

2. Method II - Complete Saturation

The propellants were helium saturated by stirring while at
run presgure (172 + 3 psia) and temperature (40 + 5°F) for a minimum of four
hours in the case of the oxidizer, and one hour for the fuel prior to test.
This procedure was shown during the Apollo development program to result in
essentially complete saturation.
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V. CONCLUSIONS

On the basis of the data acquired from the Preliminary Design Colum-
bium Combustor Test, it was concluded that the thermal characteristics of
the columbium combustor and associated attach hardware are compatible with
the Apollo S/M RCS engine and Apollo mission requirements, that the mechani-
cal design of the combustor and associated attach hardware is compatible with
the Apolio S/M RCS engine, that the structural integrity of the combustor
materiaL/coating systen 1s adequate for Apollo S/M RCS engine applications,
end that the use of the columbium combustor and associated attach hardware
in no way degrades engine performance.

-Th-
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VI. RECOMMENDATIONS

It is recommended that the preliminary design columbium combustor
P/N 228949), combustor-head interface seal (P/N 228948) and attach ring
P/N 228947) be accepted without modification as the final configuration.

-75~




YIKFORATION

THE ’ .
%Igl[ﬁfdf VAN NUYS, CALIPORNIA 3'595

APPENDIX T

INVERTED ENGINE TNJECTOR HEAD DETONATTION ANALYSIS

Introduction

The Preliminary Design Columbium Combustor Test (Ignition Test) com-
menced on 18 October 1966 with Engine P/N T-14200, S/N 0001-12 which incor-
porated combustor No. 2. The Ignition Test was stopped after 1} runs be-
cause an explosion in the oxidizer manifold damaged the oxidizer standoff
and valve seat. The columbium combustor and associated attach hardware
were not damaged by the detonation. After assessment of the incident, the
preliminary design test was started over with Engine P/N T-14100, S/N 0001-8,
which incorporated combustor No. 2, As a result of the investigation, sub-
sequent tests were conducted with a bell nut temperature of zero + 5°F and
a head temperature of LO°F or greater. -

The explosion occurred on the first pulse of the fourteenth run.
The previous run had consisted of nine pulses; 12 ms on and 350 ms off.
The time interval between the thirteenth and fourteenth runs was 17 minutes
at a cell pressure of sbout 13 microns (15 X 1073 mm Hg). The injector head
temperature and combustor flange temperature were 14°F and 19°F, respectively,
at the time of the detonation. The propellants utilized were MMH and nitric
oxide inhibited NpO4. The propellant temperatures were 40 + 5°F. 'The engine
was oriented vertically up. Figure I-1 summarizes the run data. An analyti-
cal study was conducted to determine the mechanism that produced the manifold
detonation. The results of that analysis are presented herein.

Summary of Proposed Mechanism

The investigation discussed below shows that the following sequence
of events, which is strongly dependent upon engine temperature, offers a
plausible mechanism for the observed explosion.

During each pulse, fuel is Sprayﬁd on the wall from the fuel coolant
holes. This amounts to about 3.6 X 10”7 pounds for each 12-millisecond pulse.

During the interval between pulses, & portion of the fuel evaporates.
This leaves part of the fuel still on the wall. Almost none of the fuel in
the fuel manifold evaporates. Most of the oxldizer leaves the oxidizer mani-
fold during the off time. The chamber pressure created by the evaporating
oxidizer suppresses the evaporation of the fuel from the walls.

e v s e SO e i+ et
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Appendix I

After the pulse train ends, there is about 3 X 10~3 pounds of fuel
on the wall. The fuel manifold contains an additional 1.5 X 10-3-pounds.

The fuel on the wall drains down toward the face of the injector. At
the same time, it is vaporizing and flowing out of the exit nozzle., The
drainage rate is much faster than the evaporation rate, so that within one
second most of the fuel on the wall forms a puddle on the injector face.,

The fuel on the injector face flows into the oxidizer manifold in-
Jector holes. Capillary action assists in draining the fuel into the holes.
The flow rate through the holes is comparable to the drainage rate. Capil-
lary forces are not sufficient to prevent flow through the holes.

The oxidizer manifold substantially f£ills with fuel before the evapoc-
ration from the face eliminates the puddle.

Re~evaporation of the MMH from the oxidizer manifold is a very s.ow
and poorly understood process. It is limited by heat flow into the thermal
standoff. If the fuel evaporates through the injector holes at the head tem-
perature, it would take about six minutes. The thermal mass of the bottom of
the standoff can provide the required heat, but this would cause an 89°F drop
in temperature. If the flow rate is limited by heat flow through the liquid,
the evaporation time would be over 100 minutes. The emptying may involve two-
phase flow through the inJjector holes. This would increase the emptying rate
by some presently unknown amount. Emptying of the fuel manifold occurs more
rapidly than emptying of the oxidizer manifold because of the better neat
supply there., While the fuel manifold is emptying, evaporation out of the
oxidizer manifold will be suppressed.

All the processes described above depend on the temperature of the
bead and walls of the engine. At higher wall temperatures, the fuel on the
walls will evaporate more rapidly between pulses. At higher head tempera-
tures, the vapor pressure of the fuel inside the oxidizer manifold will pre-
vent some of the liquid in the puddle from entering that cavity. At a suf-
ficiently high temperature, the problem should dicappear because none of the
fuel on the face of the injector can accumulate in the oxidizer manifold.

Analytical Studies

Each of the items noted in the Summary of Proposed Mechanism was the
subject of an analytical investigation. Most of the results depernd on more
basic analyses conducted previously.
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A. Fuel Spray on Wall

Approximately 25 percent of the fuel flow occurs through the wall
coolant holes in the injector. The nominal fuel flow is approximately 0.12
pound per second. If the menifold is full at the start of the pulse, then

vp = Tt - fuel on wall for one pulse
f = 25 percent ~ fraction sprayed on wall
W = 0.12 1b/sec. - nominal fuel flow rate

t = 12 milliseconds - pulse duration for run 13
Wy = 3.6 X 10-4 1n, ,

This creates a film on the wall approximately 1 X 10-3 inch thice
over 10 in® surface area.

B. Evaporation between Pulses

Significant fuel evaporation does not take place untii the oxi-
dizer manifold has emptied. While this process is only partially undersucog,
it appears that the time to empty the oxidizer manifold at 20°F head tempera-
ture is at least 300 milliseconds. Thus, very little fuel will esvaporate
for 350 milliseconds off time. The fuel evaporation rate at 15°F wall tem-
perature is about 1073 1b/second for 1 mil thickness.

C. Total Wall Fuel

The maximum amount of fuel which could remain on the walil is Tne
amount per pulse multiplied by the number of pulses. Some of this evaporates
during a run, and some of it may react with the shutdown oxidizer. Ceocld flow
movies show that very little fuel flows out of the injectvor during the first
pulse, In a string with off times shorter than 350 milliseconds, the fuel
manifold will be full when the valve first opens for each of the subsequent

pulses,

Weot = (B = 1) Wy - total accumulation or wall

n -3 ~ number of pulses

v, = 3.6 X 10"h 1b. - wall Spréy per pulse

Viot = 2.9 X 10-3 1b.

This fuel forms & f£ilm with & thickness of approximately ¢ x 10-3
inches.

w
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D. Wall Drainage and Evaporation

The fuel on the walls drains down towards the face of the injec-
tor. An analysis of the drainage rate for MMH shows that TO percent of fuel
will reach the face of the injector within one second: The fraction drazined
versus time is shown in Figure I-2.

Evaporation from the wall occurs simultaneously with the drain-
age. The rate of evaporation for a 20°F wall is shown in Figure I-3.

The time to evaporate 3 X 10‘3 1b. will be on the order or 10
seconds or more. Drainage is clearly the phenomenon with the highest rate,
hence the fuel on the walls will form & puddle on the injector face,

-B. F¥low into the Manifold

The fuel on the dish-shaped face of the injector will cover tne
injector holes. The liquid will flow into the holes if the fiuid wets the
interior surface. Since MMH apparently wets most metals, the holes will
fill. The fluid will flow through the holes into the manifold if the pres~
sure differential plus gravity force is sufficient to overﬁome the capillary
force holding the liquid in the hole. A puddle of 3 X 10~% 1b. of MMH cov-
ering 1 in2 of surface will have a depth of approximately 0.10 inch. The
geometry at the end of the hole inside the manifold tends to red.uce the
capillary forces, hence the estimate given below is conservative.

Flow will occur if

5%7- < Fg(h + t) + Py - By
Using:
o = 37 dynes/cm - surface tension coefficient for MMH
r = 0.0017 inch - radius of the oxidizer injector holes
2 ~ 0,902 gm/cm3 - density of MMH
h = 0.2 inch - depth of oxidizer injector holes
v = O.L 1nch - depth of puddle over holes

we Tind that the capillary forces will be overcome and flow intc the manifo.c
will occur if:

P, - P_> 0.015 psi

ch
A2 99
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The initial pressure in the chamber and manifold will be about 0.0202 psia
when the 10 mil thick wall film is evaporating. As the film drains, the
chamber pressure will increase, reaching 0.067 psi in approximately 0.3 sec-
ond.when the wall film has thinned down to about 1 mil. During this drain-
age, a transient pressure gradient will arise between the chamber and the
manifold of more than the 0,015 psi necessary to initiate flow.

The flow into the oxidizer manifold will continue until. either
the driving pressure differential disappears or the manifold fills. At an
internal manifold temperature of 8°F, the internal pressure would reach 0.077
psia. This would be sufficient to stop the flow. For lower manifold tem-
peratures, the flow would continue.

The cooling of the oxidizer manifold due to evaporation of the
oxidizer after shutdown should provide more than enough cooling to reach
this temperature. Temperature drops of this magnitude are observel Ifor en-
gines firing downward, where much less manifold cooling occurs.

The rate of flow from the puddle into the manifold deperds oxn
the pressure differential. At 0.049 psi differential plus the gravity
head, the flow rate will be:

V'T = CD x A % 42 g/OA.P

0.6 X 0.00792 4/ 2 X 386 x 0.0326 x 0.049

0.0052 1b/second

Therefore, the entire manifold could be filled with 1.3 X 10-3 pounds of
fuel in 0.25 second. Hence, there will be ample time to fill the manifold.

F., ZEvaporation from the Face

The MMH in the puddle will not evaporate signitf'icantly while the
arainage is occurring because of the higher pressures in the chamber cres=tad
by the fuel on the wall., After the drainage has occurred, there will be aboux
as much fuel remaining on the face as there is in the ox1dlze* manlfclc, 1.2 X
10-3 pounds of MMH. The evaporation time of this material from a 1 in® puddis
can be estimated using the rate for a 10 mil film. (Free convection stirs
the liquid below the film surface.) The rate is about 10™* 1b/second, so
that at least 13 seconds will be requlred to evaporate. This allows ample
time to £ill the oxidizer manifold with fuel.

I-5
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G. Re-evaporation from the Oxidizer Manifold

If the oxldizer manifold can fill with MMH as hypothesized
above, it would take a very long time to empty it by evaporation alone.
The surface area between the preigniter tube and the outer wall is:

Ag = 0.0k27 in
The total hole area is:

Ay = 0.00941 in
and therefore,

Ay/Ag = 0.22
At 20°F, the evaporation rate would be

Vo = 2 X 10-T 1b/second

The time to empty would be 103 minutes. This time increases =c 190 w.i...

at 10°F.

The liquid column in the manifold may not be stable, however.
8°F, the vapor pressure is:

Py

0.077 psia
The gravity head of a l-inch column of fluid is only:

be /gh

1t

0.032 psis

it

At

The pressure could force the 1iuid vuv cf the manifold arter tns

chamver pressure drops peiow U.O45 psia if nucleation of vapor bubbles cawn
occur. At -12%F, the vapor pressure woula oe v.J32 p3ia, and the liquid wou

not te forced out under any conditions.

At some sufficiently high temperature, the liquié would unaoudtedly
be sprayed out by vaporization at the bottom of the manifold. High speed mo-
vies indicate that this may not occur for temperatures less than 20°F for MMH.
Th~ mechanics of manifold emptying facing upward is not known well enough to

yileld & final resolution of this issue.

I-6
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Conclusions

It seems clear that the explosion under investigation could have been
due to the drainage of MMH into the oxidizer manifold after the previous run.
The MMH can build up on the wall during a succession of pulses, because the
wall temperature and head temperature are too low to permit evaporation of
the propellants during the 350 millisecond off time. The accumulated liquid
can drain from the walls and cover the oxidizer injector holes with fuel.

As the fuel drains, transient pressure differentials are set up which will
force the fuel puddled on the face into the oxidizer manifold. This is only
possible when the manifold temperature is below about 8°F. The mechenism of
emptying the fuel from the oxidizer manifold is not fully understood. If
evaporation alone is involved, it could teke over 100 minutes. Boiling in
the manifold would increase the emptying rate. High speed movies of cham-
ber emptying suggest that boiling will not occur at head temperatures below
20°F.

* All of the steps in this process are temperature dependent. At a
sufficiently high temperature, there will be no accumulation. At some other
temperature, liquid which accumuletes end drains cannot flow into the oxi-
dizer manifold.

The incidence of explosion in inverted engines can be reduced by in-
creasing the temperature of the engine hardware. This conclusion 1s borne
out by an examination of conditions under which explosions have previously
Eccurred. The bulk of such explosions occurred at head temperatures below

0°F.

I-7
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PRELIMINARY DESIGN COMBUSTOR IGNITION TEST DATA
ENGINE P/N T-14200, S/N 0001-12
COMBUSTOR NO. 2
~° :
rn 59T on (ue) Ofr (m) Ty W T to et Accclerstion
) : L Run (min)
< 115 50 62 90 100 100 Lh
2 L 12 100 . =16 23 28 13 | < 500
\ 3 b 12 100 -16 23 28" 6 <1100
L T 12 100 ~19 20 + 5 30 6 Th0
5 T 12 100 -19 20 + 5 30 8 800
6 9 12 100 -17 20 + 5 22 9 1700
7 9 12 100 4-18 20 + 5 25 6 970
8 L 12 350 -18 20 + 5 25 L 1600
9 4 12 350 -19 204+5 23 6 1170
10 7 12 350 -19 20 +5 o2 5 koo
m 7 12 350 =17 0+5 21 8 930
: 29 12 350 -17 0+5 20 6 570
13 9 12 350 -18 20 + 5 19 17 720
. 2k ol 12 600 . -15 {ig}readings 18.5 lst9gzgse

I-8 FIGURE I-1
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